Although it has been suggested that social deficits of autism spectrum disorders (ASDs) are related to reward circuitry dysfunction, very little is known about the neural reward mechanisms in ASD. In the current functional magnetic resonance imaging study, we investigated brain activations in response to both social and monetary reward in a group of children with ASD, relative to matched controls. Participants with ASD showed the expected hypoactivation in the mesocorticolimbic circuitry in response to both reward types. In particular, diminished activation in the nucleus accumbens was observed when money, but not when social reward, was at stake, whereas the amygdala and anterior cingulate cortex were hypoactivated within the ASD group in response to both rewards. These data indicate that the reward circuitry is compromised in ASD in social as well as in non-social, i.e. monetary conditions, which likely contributes to atypical motivated behaviour. Taken together, with incentives used in this study sample, there is evidence for a general reward dysfunction in ASD. However, more ecologically valid social reward paradigms are needed to fully understand, whether there is any domain specificity to the reward deficit that appears evident in ASD, which would be most consistent with the ASD social phenotype.
INTRODUCTION
A salient behavioural feature of individuals with autism spectrum disorders (ASDs) is decreased social motivation, which presents as a lack of interest in attending to social stimuli, or in seeking and enjoying reciprocal social interactions (Levy et al., 2009; Chevallier et al., 2012) . It has been hypothesized that the lack of social motivation might be attributed to dysfunction of the mesocorticolimbic reward circuitry comprising, amongst others, the amygdala, ventral striatum (including nucleus accumbens/NAcc), anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC) (Dawson et al., 2005; Schultz, 2005) .
Despite the influence of the 'social motivation deficit hypothesis' in current theories of ASD, very few studies have been conducted to test it. The first functional magnetic resonance imaging (fMRI) study on reward functioning in autism examined brain activation during a monetarily rewarded, sustained attention task and found aberrant brain responses in the ACC among adults with ASD (Schmitz et al., 2008) . Dichter et al. (2012a) applied an anticipation paradigm and also reported aberrant brain activation in the reward circuitry in adults with ASD, particularly decreased NAcc activation during the anticipation of money, but not during the anticipation of typical autism-specific objects of interest (e.g. trains). However, both studies exclusively tested adults and did not include social incentives. Thus, it remained unclear to what extent neural reward dysfunction may also be observed for social rewards in individuals with ASD, particularly affected children. Scott-Van Zeeland et al. (2010a) were the first to compare neural activation in response to both monetary and social reward in an implicit learning task and found diminished NAcc activation in response to both reward types in autistic children, with the most pronounced reduction in responses observed for social rewards. Taken together, these results indicate that developmental abnormalities in reward circuitry, including frontostriatal and limbic areas, particularly the NAcc and ACC, may form the neurobiological basis of atypical motivational functioning in ASD (Neuhaus et al., 2010) .
It must be noted that all three studies investigated neural reward processing in the context of different experimental tasks, each tapping into another cognitive domain. Because the subjective value of a reward (and respective brain responsivity) varies inversely with the effort required to obtain it (Botvinick et al., 2009) , the findings of aberrant reward system activity should be considered in the context of the cognitive demands associated with the performance of each type of task.
A paradigm that is widely used to assess reward anticipation (initiated by cue signals) followed by goal-directed behaviour (e.g. button press or inhibitory response) and a potentially rewarding outcome is the cued incentive go/no-go task (Schultz et al., 1992) . Recently, we employed such a task with social and monetary reward contingencies while measuring event-related brain potentials in children with ASD and healthy controls (Kohls et al., 2011) . We found attenuated brain reactivity (i.e. compromised P3 effect) in patients in response to go cues associated with a timely reaction to obtain a reward, irrespective of reward type. This finding indicates an atypical motivation-related brain response to incentive cues, which may disrupt the capacity to modulate response initiation in the service of higher-ranking goals such as rewards (Rinehart et al., 2006) .
Research has demonstrated that, in particular, a unique neural circuitry, comprising the NAcc, amygdala and ventral prefrontal cortex/ ACC, promotes cue-evoked reward-seeking behaviour (Sesack and Grace, 2010) . Thus, in the fMRI study, we aimed to investigate the blood-oxygenation-level-dependent (BOLD) effect of social and monetary reward in the context of the cued incentive go/no-go paradigm in children with ASD relative to matched typically developing controls (TDC). Specifically, we explored the differential effects of both incentive types on reward circuitry activation, primarily in the NAcc, ACC and amygdala. In contrast to previous studies (Scott-Van Zeeland et al., 2010a; Dichter et al., 2012a) , we only included comorbid-free and medication-naive ASD participants, since it has been repeatedly shown that drugs such as psychostimulants up-or down-regulate mesocorticolimbic reward system activity and, thus, may substantially bias study results (e.g. Rubia et al., 2009) .
Based on our previous findings (Kohls et al. 2011) , we predicted abnormal neural activation patterns in participants with ASD (in particular, in NAcc, ACC and amygdala) to both social and monetary rewards when an active response was required to obtain a reward. The most prominent neural dysfunction was expected in the reward system under social reward conditions (Scott-Van Zeeland et al., 2010a) . Additionally, we ran exploratory correlational analyses and tested whether the magnitudes of brain activation in response to social reward would be related to the severity of social dysfunction in ASD.
MATERIALS AND METHODS Participants
Our initial sample consisted of 18 right-handed boys with ASD (diagnosed with Asperger syndrome) and 18 matched TDC. Subsequently, three participants with ASD were excluded because of excessive head movements during the fMRI scan (i.e. >3 mm of translational motion in the x, y and z direction throughout the course of the scan). One control participant was excluded because he scored over the cut-off on both the Social Communication Questionnaire (SCQ; Rutter et al., 2003) and the Social Responsiveness Scale (SRS; Constantino and Gruber, 2002) . Included participants (ASD n ¼ 15, TDC n ¼ 17) ranged in age from 9 to 18 years and had a full-scale IQ ! 80 (WISC-III; Gleissner et al., 2003) . The groups did not differ with respect to age or IQ (all P > 0.5; Table 1 ).
Individuals with ASD were recruited from the Departments of Child and Adolescent Psychiatry and Psychotherapy in Aachen and Marburg, Germany. All participants were diagnosed by experienced clinicians according to ICD-10 and DSM-IV criteria. Diagnoses were confirmed using the Autism Diagnostic Observation Schedule (ADOS-G; Lord et al., 2000) and the Autism Diagnostic Interview-Revised (ADI-R; Lord et al., 1994) conducted by a trained examiner (M.S.-R., I.K.-B.). Additionally, all parents were asked to complete the SCQ and the SRS. None of the included ASD participants had a history of comorbid psychiatric disorders or was taking psychotropic medication.
The TDC were recruited from local schools and underwent an extensive psychiatric examination using a standardized, semi-structured interview to assess current and past episodes of psychopathology according to DSM-IV criteria (K-SADS-PL; Kaufman et al., 1997) . In addition, parents evaluated the behaviour of their children with regard to psychopathology using the Child Behaviour Checklist (CBCL 4-18; Achenbach, 1991) . None of the TDC had a history of psychiatric or neurological disorders or was taking any medication. All participants had normal or corrected-to-normal vision.
Participants were compensated for their participation in this study. Informed consent was obtained from all participants and their parents. This study was approved by the Ethics Committee of the RWTH Aachen University Hospital.
The majority of participants (ASD n ¼ 14, TDC n ¼ 15) also participated in a parallel EEG study (Kohls et al., 2011) . The order of the fMRI and EEG sessions was counterbalanced among participants and groups, with most participants attending both test sessions on 2 successive days.
fMRI task
We used an incentive go/no-go task in a blocked-design previously introduced by Kohls et al. (2011;  Figure 1 ). Altogether, 18 go blocks and 18 no-go blocks were presented pseudorandomly (counterbalanced across participants), including three different incentive conditions: non-reward (NR), social reward (SR) and monetary reward (MR). Each reward condition comprised six go and six no-go blocks. Every block consisted of five trials, which were either go or no-go trails. In go blocks, all five trials were go trials. In no-go blocks, on average, 65% were go trials and 35% were no-go trials. Blocks started with an individual block cue (for 2950 ms) signalling the reward type that could be obtained in the ongoing block for correct performance. Each trial started with an instruction cue (for 250 ms), indicating a go trial (downward arrow) or a no-go trial (upward arrow). One second after the cue, the target stimulus (black square) was presented for 500 ms. The pre-target period, showing a fixation cross, served as an anticipation phase. Participants were instructed to respond with their index finger of the right hand on a MR-compatible response console (LumitouchTM, Photon Control Inc., BC, Canada) as quickly and accurately as possible upon seeing the target after the go cue and to refrain from responding upon seeing the target after the no-go cue. Feedback was presented for 1500 ms immediately after the target disappearance, followed by an intertrial interval of 1000 ms. Altogether, each trial had a length of 4250 ms, and the block length was 24.2 s.
Depending on the reward condition, participants were rewarded for successful task performance (i.e. an accurate button press in go trials within a response time window of 500 ms and a correct inhibitory response in no-go trials) with a probability of 80% in order to strongly drive neural reward circuitry, particularly the NAcc (Bjork and Hommer, 2007) . In the SR condition, positive facial expressions served as rewards and neutral faces were shown after errors (for more details, see Kohls et al., 2009a; . Correct task performance in the MR condition was rewarded with money, symbolized by different wallets, each filled with a 50 Eurocent coin. Empty wallets were shown after errors. All participants won an additional 10 Euros, irrespective of their performance, although they were told that better performance would result in a larger amount of money paid after the experimental session. Before scanning, we confirmed that each individual fully understood the concept and value of money as a tangible reward that could be gained during the experiment and later exchanged for other goods. In the NR condition, meaningless feedback (represented by mosaic pictures) was given for both successful and failed task performance. Mosaic pictures were produced to resemble the social and monetary feedback pictures in complexity, size and 108.9 (33.9) 14.4 (11.1) <0.001
luminance. Visual stimulation was displayed on a rear projection LCD screen and viewed by the participant through a mirror attached to the head coil. Behavioural data collection and stimulus presentation were controlled by the Presentation 12.0 software (Neurobehavioral Systems, Albany, CA, USA).
To ensure that all participants understood the task instructions, the experimental procedure was preceded by 10 practice trials in each reward condition outside the magnet. After the experimental procedure, participants were asked to complete a rating questionnaire to assess their insight into aspects of task manipulations.
Image acquisition T2*-weighted BOLD images were obtained with echoplanar imaging using a Siemens Trio 3.0 T scanner (Erlangen, Germany) and a multichannel head coil. 
Image analysis
Image processing and statistical analyses were carried out using FEAT v5.98, part of the FSL analysis package v4.1.4. Prior to image analysis, the first four images of the functional data set were discarded because of the non-equilibrium state of magnetization. For pre-processing, functional volumes for each participant were skull-stripped, motion-corrected, temporally high-pass filtered and spatially smoothed using a Gaussian kernel (FWHM ¼ 5 mm).
Regression analysis was carried out on the pre-processed functional time series of each participant using FMRIB's Improved Linear Model with autocorrelation correction. Eight 'block' regressors (i.e. GoNR, NogoNR, GoSR, NogoSR, GoMR, NogoMR, GoR and NogoR) were included in the regression model and convolved with a double-gamma hemodynamic response function, along with its temporal derivatives. Error trials and motion parameters were entered as 'regressors of no interest'. The groups did not differ with respect to the amount of head movement during the scan (ASD: absolute displacement ¼ 0.37 mm AE 0.18 mm; TDC: absolute displacement ¼ 0.36 mm AE 0.19 mm; P ¼ 0.87). Each regressor resulted in a voxelwise effect-size parameter estimate (-values) image reflecting the magnitude of brain activation associated with that regressor. In order to create comparisons of interest, -value images were contrasted. Note that we did not use a low-level fixation baseline; thus, the non-reward conditions served as our high-level baselines. Functional data were registered to the corresponding high-resolution structural image via an affine transformation with six degrees of freedom and warped into MNI space using an affine transformation with 12 degrees of freedom.
Group inferential statistical analyses were carried out using FMRIB's Linear Analysis of Mixed Effects 1 þ 2. Within-group mixed effects, models were run for each contrast of interest, followed by two-sample t-tests (TDC vs ASD). We analysed go and no-go blocks separately because instrumental, more active conditions like the go blocks have been shown to activate the reward system significantly more strongly than more passive conditions, like the no-go blocks (Bjork and Hommer, 2007) . All Z (Gaussianized T) statistical maps were cluster-corrected with a mean cluster threshold of Z > 2.3 and a cluster-corrected significance threshold of P 0.05 (Worsley, 2001) .
Based on our a priori hypotheses, we examined group differences in three regions of interest (ROI), including the NAcc, ACC and Fig. 1 Illustration of the cued incentive go/no-go task including three different incentive conditions: non-reward (NR), social reward (SR) and monetary reward (MR). Each reward condition comprised six go and six no-go blocks. Every block consisted of five trials, which were either go or no-go trails. In go blocks, all five trials were go trials. In no-go blocks, on average 65% were go trials and 35% were no-go trials.
Reward system dysfunction in autism SCAN (2013) amygdala, which were structurally defined areas from the Harvard-Oxford structural probabilistic atlases. For the ROI analyses, we applied a FWE corrected threshold of P 0.05 across each particular region using the Randomise v2.1 program. We also extracted individual mean parameter estimates from those ROIs separately from the left and right hemisphere for both go and no-go conditions in order to explore the Pearson product-moment correlations between social reward-based brain activation magnitudes and clinical symptoms as measured by the ADOS-G and ADI-R subscales. Bonferroni corrections were applied to adjust the alpha level for multiple comparisons.
Subjective rating questionnaire Following the experimental procedure, participants were asked separately for the three reward conditions: (i) how motivating they found the condition, (ii) how important it was for them to perform well and (iii) how rewarding they found the feedback stimuli. The participants were also asked how much they were motivated with regards to doing the task prior to the scan. Participants indicated their answers by marking a 10-cm, horizontal visual-analogue scale min ¼ 0, max ¼ 100).
Behavioural data analysis
The three scales of the subjective rating questionnaire were analysed within a MANOVA, with incentive type as a within-participants repeated factor (NR, SR and MR) and group (ASD and TDC) as the between-participants factor, followed by univariate ANOVAs. Reaction times (RT) for hits (in ms) on the go/no-go task were analysed using a 3 Â 2 (reward Â group) ANCOVA with IQ as a covariate, since IQ (but not age) was significantly correlated with RT. As IQ and age were not correlated with the remaining dependent measures, these variables were not included as covariates in data analyses. Task accuracy (go trials: hit rate in %; no-go trials: rejection rate in percentage) was analysed within a 2 Â 3 Â 2 (trial Â reward Â group) ANOVA model, followed by planned contrasts. The -level was set at 0.05. Effect sizes were calculated using partial eta squared ( 2 p ).
RESULTS
Subjective pre-and post-test ratings Both groups started the experimental procedure equally motivated according to self-ratings ( Table 2 ). The post-test questions revealed a significant main effect of reward on the subjective rating scales [F(6,25) ¼ 14.89, P < 0.001, 2 p ¼ 0.78], which was related to all three rating scales (motivation: P < 0.001, 2 p ¼ 0.61; importance: P < 0.001, 2 p ¼ 0.29; and reward value: P < 0.001, 2 p ¼ 0.67), with the highest ratings for the MR condition, the lowest ratings for the NR condition and with the SR condition intermediate (all P 0.017). These data demonstrate that reward manipulation within the experimental paradigm was successful across all participants. The group by reward interaction effect was non-significant [F(6,25) ¼ 2.13, ns, The main effect of group was not significant (P ¼ 0.45), indicating that both groups performed equally well under conditions of response initiation and motor inhibition. All other interaction effects (e.g. reward by group) were also found to be non-significant (all P's > 0.1; Table 2 ).
Reward circuitry and social brain activation

Go blocks
The reward vs non-reward contrast across both groups (GoR > GoNR) revealed the expected reward circuitry activation in the NAcc (right: Figure 2 ). Except for the amygdala, NAcc and OFC, all of these areas were more strongly active in the monetary reward condition relative to the social reward condition (GoMR > GoSR). Additionally, the (ventral) ACC, as well as a number of regions outside of the 'classical' reward circuitry such as the cerebellum, supramarginal gyrus and frontal pole, showed stronger brain activation during monetary reward condition than during social reward processing (Table 3 ). The reverse contrast (GoSR > GoMR) revealed stronger activity in parts of the social brain network, including the amygdala, fusiform gyrus, superior temporal sulcus, temporal pole and ventromedial prefrontal cortex (Table 3) .
No-go blocks
The reward vs non-reward contrast within the no-go blocks (NogoR > NogoNR) revealed smaller patterns of significant brain activation across both groups, including midbrain (right: 8, À16, Figure 2 ). The NogoMR > NogoSR contrast showed that parts of the motivation circuitry were particularly activated under monetary compared to the social reward condition (Table 3 ). The simple NogoSR > NogoMR contrast revealed activation in the social brain network, comparable to the findings for the go trials, including the amygdala, fusiform gyrus, temporal pole and ventromedial prefrontal cortex (Table 3) .
Atypical brain responses in ASD Go blocks
Between-group comparisons revealed that during monetary reward processing (GoMR > GoNR), the ASD group showed significantly less brain activation than the TDC in numerous reward-related brain areas, including the midbrain, thalamus, amygdala, dorsal and ventral striatum/NAcc. Moreover, several clusters within the cingulate cortex, including the ventral, pregenual ACC, anterior dorsal ACC, as well as the posterior dorsal ACC, were found to be less active in ASD participants than TDC when money was at stake (Table 4) . ROI analyses confirmed that the left NAcc, left amygdala and ventral ACC showed reduced brain activation in the ASD group relative to controls when money could be actively obtained (GoMR > GoNR; Table 4 and Figure 3 ). Although the GoSR > GoNR contrast did not reveal significant group activation differences using whole-brain cluster thresholding, the additional ROI analyses demonstrated that the left amygdala and ventral ACC were less activated in children with ASD than TDC when social reward was at stake (Table 4 and Figure 4) . None of the other group comparisons (e.g. ASD > TDC) revealed significant brain activation differences.
No-go blocks
None of the group contrasts showed significant activation differences.
Brain-behaviour correlational analyses
Exploratory correlational analyses between the NAcc, ACC or amygdala activation magnitudes during social reward processing and clinical symptoms as assessed by the ADOS-G and ADI-R subscales did not reveal significant associations within the ASD group.
DISCUSSION
In the study, we applied a cued incentive go/no-go task to explore the differential effects of social and monetary reward on motivation circuitry activation in children with and without ASD. With regard to reward-based brain responsivity in children with ASD, our fMRI analyses revealed the expected hypoactivation in the mesocorticolimbic circuitry in response to both social and monetary reward. In particular, diminished reward system activations were found in ASD under monetary reward conditions that required an active response to gain a reward, demonstrated in the midbrain, thalamus, amygdala, striatum (including NAcc) and ACC. Moreover, in addition to lower NAcc responsivity to monetary reward, ROI analyses revealed that the ventral ACC and amygdala were significantly less activated within the ASD group in response to both social and monetary incentives.
The current imaging findings are in line with our previous eventrelated brain potential (ERP) results using the same task in an almost identical sample of children with and without ASD (Kohls et al., 2011) . Our prior study revealed attenuated brain reactivity (i.e. compromised P3 activity) in participants with ASD in response to go signals associated with a timely reaction to achieve a social or a monetary reward. Taken together, both data sets indicate atypical motivation-related brain responses associated with active goal-directed behaviour in individuals with ASD, irrespective of reward type. Such a deficiency may severely affect the initiation of properly motivated behaviour by disrupting the ability to seek and approach environmental incentives.
In contrast to our prediction, and in contrast to Scott-Van Zeeland's results (2010a), we did not find greater malfunctions in the reward circuitry in response to social reward compared to monetary reward in ASD. Most recently, Dichter et al. (2012b) applied a face in comparison with a money anticipation paradigm and found autism-related hypoactivations in the NAcc only when money was at stake, but not in the social incentive condition; this finding is consistent with our data. However, Scott-Van Zeeland used approving faces in combination with verbal praise as social reinforcement, whereas in the current and in Dichter's study, static faces without praise were applied. It seems likely that the combination of facial rewards with praise may represent a stronger social incentive with respective greater NAcc responsivity, primarily in TDC, making it more likely that activation differences will be detected between children with and without ASD within this key reward area. Thus, future imaging studies are needed Fig. 2 Z-statistic activation maps of the combined reward > non-reward contrast separately for go and no-go condition across the whole sample overlaid on the averaged group T1 image (cluster-corrected for multiple comparisons with a mean cluster threshold of Z > 2.3 and a cluster-corrected significance threshold of P 0.05). Color bars indicate Z-statistics. As expected, and in line with prior imaging research, reward obtained during go blocks led to strong and widespread activation within the motivation circuitry, comprising striatum, amygdala, thalamus, insula and prefrontal areas. In contrast, reward obtained during no-go blocks activated only a small number of reward areas such as midbrain and striatum.
Reward system dysfunction in autism SCAN (2013) that apply more ecologically valid social reward stimuli, such as short social video clips (Blatter and Schultz, 2006) , which might be able to reveal a clearer picture about NAcc involvement in relation to diminished socially motivated behaviour in individuals with ASD.
Our findings of lower NAcc activation in response to monetary incentives in our ASD sample are consistent with data reported by Dichter et al. (2012a,b) . The NAcc has been found to be preferentially activated in response to reward-predicting cues in typically developing children and adults, primarily reflecting reward 'wanting' and, thus, the incentive salience of the reward at stake with greater NAcc activity for more salient incentives (Berridge et al., 2009) . Blunted NAcc responses indicate that the salience of a secondary reinforcer such as money is diminished in ASD and might compromise the ability of reward-predicting cues to elicit appropriate goal-directed actions to approach the reward.
However, the NAcc does not act in isolation to regulate motivated behaviours, but is part of a functional network, mainly including the midbrain, thalamus, dorsal striatum, amygdala and (ventral) prefrontal areas (Haber and Knutson, 2010) . In particular, the NAcc together with the amygdala (particularly the basolateral portion) and the ventral prefrontal cortex (including ventral ACC) form a unique circuitry, which promotes cue-evoked reward-seeking behaviour (Sesack and Grace, 2010) , and which is modulated by 'motivational' neuropeptides, such vasopressin and oxytocin (e.g. Zink et al., 2010) . In the psychopathology of addiction, dysfunction within this circuitry, such Note: x, y, z refers to axis in MNI (Montreal Neurological Institute) space; L ¼ left hemisphere; R ¼ right hemisphere; GoMR ¼ monetary reward go-bocks; GoSR ¼ social reward go-blocks; GoNR ¼ non-reward go-blocks; NogoMR ¼ monetary reward no-go-blocks; NogoSR ¼ social reward no-go-blocks; NogoNR ¼ non-reward no-go-blocks. Z scores are based on cluster-level correction for multiple comparisons across the whole brain with a mean cluster threshold of Z > 2.3 and a cluster-corrected significance threshold of P 0.05. 
No significant activation differences NogoSR > NogoNR within whole-brain or ROI analyses
Note: The reverse group contrasts ASD > TDC did not reveal significant activation differences. The MR > SR and SR > MR contrasts for the go and no-go conditions did not reveal group differences. TDC ¼ typically developing children; ASD ¼ autism spectrum disorders; x, y and z refers to axis in MNI (Montreal Neurological Institute) space; L ¼ left hemisphere; R ¼ right hemisphere; GoMR ¼ monetary reward go-bocks; GoSR ¼ social reward go-blocks; GoNR ¼ non-reward go-blocks; NogoMR ¼ monetary reward no-go-blocks; NogoSR ¼ social reward no-go-blocks; NogoNR ¼ non-reward no-go-blocks; ROI ¼ region of interest. Z-scores are based on cluster-level correction for multiple comparisons across the whole brain with a mean cluster threshold of Z > 2.3 and a cluster-corrected significance threshold of P 0.05. *ROI results are family wise error (FWE) corrected at P 0.05 across this particular region. Please note that group activation differences were also found in this region using cluster correction for multiple comparisons across the whole brain at P 0.05. **ROI results are family wise error (FWE) corrected at P 0.05 across this particular region.
as an insufficient communication between the amygdala and/or the ventral prefrontal cortex to the NAcc, has been suggested to underlie aberrant motivation to seek detrimental substances at the expense of natural rewards (Kalivas and Volkow, 2005) . The current study revealed diminished brain activation within the amygdala/prefrontal/ NAcc circuitry in response to reward in children with ASD. One could speculate that an aberrant pattern of brain activity within this circuitry in individuals with ASD may trigger an excessive seeking of salient, autism-specific objects and situations (Turner-Brown et al., 2011) at the cost of neglecting other essential environmental rewards. It will be important for future research to test this assumption by comparing BOLD responses to typical autism-specific objects of interest (e.g. Dichter et al., 2012a) relative to different types of tangible, non-tangible and even primary biological incentives. Furthermore, in order to better capture the brain activation dynamics within the motivational circuitry, and the possible disruption thereof in ASD, functional connectivity measures should be applied in follow-up studies (Camara et al., 2009) . Research suggests that ASD symptoms could reflect a neurofunctional disconnection syndrome (Geschwind and Levitt, 2007; Schipul et al., 2011) , perhaps mediated by genetic factors, which might affect essential information transfer within the frontolimbic reward network (Scott-Van Zeeland et al., 2010b) . In contrast to social motivation deficit theories of autism (Chevallier et al., 2012; Dawson et al., 2005; Schultz, 2005) , we did not find specifically diminished brain responses to social incentives in ASD, at least with the social incentives used in this age group here. Our fMRI data indicate that the brain reactivity to monetary incentives is also compromised, which is in line with previous reports (Schmitz et al., 2008; Kohls et al., 2011; Dichter et al., 2012a,b) . However, it should be acknowledged that monetary and social rewards generally differ with respect to properties such as collectability (i.e. money is collectable, but not social rewards) and immediacy of effect (Estle et al., 2007) , making comparisons between reward types fraught with difficulty. It is also true that money is imbued with social meaning, as its concept and value are primarily mediated through social interactions (Marshall and Magruder, 1960) . Thus, social impairments, the core feature of ASD, may have contributed to diminished brain responses to monetary incentives in the current and previous reward studies.
Consistent with prior reports, we did not find different behavioural responsiveness to reward in participants with ASD compared to controls (Kohls et al., 2011; Dichter et al., 2012a,b) . Because performance differences can be considered a confounding factor, the absence of such effects underscores the uniqueness of neural data in uncovering abnormal reward mechanisms in patients with mental disorders. Moreover, undisturbed behavioural reward responsiveness in ASD is in line with current psychosocial intervention programs that are effective in diminishing dysfunctional behaviour in individuals with ASD by applying different types of reinforcement (Vismera and Rogers, 2010) . It is also plausible that normal reward responsivity on the behavioural level in our ASD group reflects the positive impact of achievement motivation tendencies, i.e. the general eagerness to perform well or the fear of failure (South et al., 2011 ), which we were not able to capture properly with thee current study design.
Consistent with previous research, we did not find motor inhibition deficits in our ASD group (e.g. Hill, 2004) . However, reported effect sizes for deficient response inhibition using go/no-go tasks within this population range from small to medium (Pennington and Ozonoff, 1996) . Such effect sizes would require a much bigger sample in order to have the power to detect significant group differences.
The present study has some limitations that should be considered. Our ASD sample consisted of high-functioning boys with Asperger syndrome. Given the heterogeneity within the autistic spectrum, Reward system dysfunction in autism SCAN (2013) it seems possible that reward circuitry dysfunction manifests differently in individuals across the spectrum. Hence, any conclusions derived need replication with larger samples that include, for instance, males and females with lower functioning autism relative to other clinical comparison groups (e.g. ADHD; Kohls et al., 2009b) . The selection of an unmedicated and comorbidity-free sample of children with ASD may likely bias the study findings toward less impaired individuals with the disorder, which makes it difficult to generalize the results to the broader spectrum of ASD. The composition of our ASD group might also be a reason why we did not detect the expected brain-behaviour correlations. The power to uncover robust associations in our group of children with ASD was likely weakened by the small range of low to moderate severity scores on the social impairment measures (Gotham et al. 2009 ). Despite these limitations, the present data indicate aberrant brain reactivity in response to social and monetary reward in an unmedicated and comorbidity-free sample of children with ASD compared to TDC. This neural dysfunction may cause maladaptive-motivated behaviour, such that essential environmental rewards are neglected in favour of salient, autism-specific objects and situations. An increased understanding of the biological mechanisms causing social deficits in ASD can be used to develop therapeutic interventions where, for instance, pharmacological agents (like oxytocin) support social learning via increased reward-based motivation (Bartz et al., 2011) . If motivation deficits are indeed a fundamental cause of a cascade of events that support the development of ASD, then interventions that increase motivation could help individuals with ASD and their families.
